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1. INTRODUCTION {#jmv24736-sec-0002}
===============

Middle East Respiratory Syndrome Coronavirus (MERS CoV) was first identified 4 years ago in the Kingdom of Saudi Arabia.[1](#jmv24736-bib-0001){ref-type="ref"} This was the first emergence of a new epidemic outbreak since the Sever Acute Respiratory Syndrome Coronavirus (SARS CoV) that out broke in East Asia in late 2002.[2](#jmv24736-bib-0002){ref-type="ref"}, [3](#jmv24736-bib-0003){ref-type="ref"}, [4](#jmv24736-bib-0004){ref-type="ref"}, [5](#jmv24736-bib-0005){ref-type="ref"} While SARS fatality rate was 8%, MERS fatality rate was 36% (by 9th of November 2016, the number of laboratory confirmed infections was 1813 and the number of reported deaths was 645).[2](#jmv24736-bib-0002){ref-type="ref"}, [6](#jmv24736-bib-0006){ref-type="ref"} Six coronavirus strains were reported to be zoonotic (ie, transmission of infections from animals to humans is possible).[7](#jmv24736-bib-0007){ref-type="ref"}, [8](#jmv24736-bib-0008){ref-type="ref"}, [9](#jmv24736-bib-0009){ref-type="ref"}, [10](#jmv24736-bib-0010){ref-type="ref"}, [11](#jmv24736-bib-0011){ref-type="ref"} These human coronaviruses were 229E and NL63 (belonging to *Alphacoronavirus*) and OC43, HKU1, SARS, and MERS (belonging to *Betacoronavirus*).[5](#jmv24736-bib-0005){ref-type="ref"}, [12](#jmv24736-bib-0012){ref-type="ref"} While the first four strains caused mild upper respiratory tract infections, like common cold, SARS and MERS both caused lower respiratory infections such as bronchitis, bronchiolitis, and pneumonia.[3](#jmv24736-bib-0003){ref-type="ref"}, [13](#jmv24736-bib-0013){ref-type="ref"} It was reported that SARS CoV and MERS CoV were hosted in bat through palm civet cat and dromedary camel, respectively.[5](#jmv24736-bib-0005){ref-type="ref"}, [14](#jmv24736-bib-0014){ref-type="ref"}, [15](#jmv24736-bib-0015){ref-type="ref"}, [16](#jmv24736-bib-0016){ref-type="ref"}

Generally, coronaviruses are enveloped, positive‐sense, single‐stranded RNA (∼30 kb). Coronavirus genome is translated inside host cell into two groups of proteins; structural proteins, such as Spike (S), Nucleocapsid (N), Matrix (M) and Envelope (E), and non‐structural proteins such as RNA dependent RNA polymerase (nsp12) and Helicase (nsp13).[17](#jmv24736-bib-0017){ref-type="ref"}, [18](#jmv24736-bib-0018){ref-type="ref"} Coronaviruses enter host cells either through endosomal or non‐endosomal pathways.[19](#jmv24736-bib-0019){ref-type="ref"} Endosomal entry of human coronaviruses takes place via four different host cell receptors; angiotensin‐converting enzyme 2 (receptor for each of SARS CoV and HCoV NL63), dipeptidyl peptidase 4 (receptor for MERS CoV), aminopeptidase N (receptor for HCoV 229E), and O‐acetylated sialic acid (receptor for HCoV OC43 and HCoV HKU1).[5](#jmv24736-bib-0005){ref-type="ref"}, [20](#jmv24736-bib-0020){ref-type="ref"}, [21](#jmv24736-bib-0021){ref-type="ref"}, [22](#jmv24736-bib-0022){ref-type="ref"}, [23](#jmv24736-bib-0023){ref-type="ref"}, [24](#jmv24736-bib-0024){ref-type="ref"} After cell entry, corona viral RNA is released into the cytoplasm in which the translation and replication occur. The translation of the Open Reading Frame 1a/b (ORF1a/b) yields two polypeptide chains (pp1a and pp1ab) that are further cleaved to form Non‐Structural Proteins (NSPs).[25](#jmv24736-bib-0025){ref-type="ref"}

Polymerases have conserved active site aspartates that take part in nucleotidyl transfer in different organisms from viruses to humans.[26](#jmv24736-bib-0026){ref-type="ref"} The use of modified nucleotides to block the polymerization process was reported in the last two decades. The first FDA approved nucleotide inhibitor was Sofosbuvir (December 2013). Sofosbuvir was approved with Ribavirin and interferon or as interferon‐free regimen. In addition, it was also approved in combination with other target protein inhibitors.[27](#jmv24736-bib-0027){ref-type="ref"}, [28](#jmv24736-bib-0028){ref-type="ref"}

Computer Aided Drug Design (CADD) is the utilization of computer software to mimic, visualize, and characterize the behavior of biological molecules. It often uses molecular modeling in conjunction with Quantitative Structure‐Activity Relationship (QSAR) in order to test the reactivity of a ligand and its binding pattern into protein active site.[29](#jmv24736-bib-0029){ref-type="ref"}, [30](#jmv24736-bib-0030){ref-type="ref"} Molecular docking is usually used in order to mimic the binding of a ligand into protein active site using a scoring function. More negative docking scores mean better binding of the drug to the active site of the target protein and hence, more inhibitory performance.[31](#jmv24736-bib-0031){ref-type="ref"}

In this study, combined QSAR and molecular docking are utilized to evaluate the binding of some nucleotide polymerase inhibitors (Sofosbuvir, IDX‐184, R7128, and MK‐0608) to HCoV polymerase active site.[27](#jmv24736-bib-0027){ref-type="ref"}, [32](#jmv24736-bib-0032){ref-type="ref"} These drugs are either FDA approved or under clinical trials. The study also compares the binding performance of these nucleotide inhibitors to that of native nucleotides and Ribavirin.

2. MATERIALS AND METHODS {#jmv24736-sec-0003}
========================

This study utilizes the medicinal chemistry platform, SCIGRESS 3.0 (Fujitsu, Poland)[33](#jmv24736-bib-0033){ref-type="ref"} installed on Dell Precision T3500 workstation to examine the molecular docking of nucleotides (ATP, UTP, CTP, and GTP), their corresponding nucleotide inhibitors (MK‐0608, Sofosbuvir, R7128, and IDX‐184, respectively) and Ribavirin to different polymerases of HCoV strains.

2.1. Geometry optimization {#jmv24736-sec-0004}
--------------------------

Structures of the nucleotides and nucleotide inhibitors are first sketched using SCIGRESS tools,[33](#jmv24736-bib-0033){ref-type="ref"} followed by geometry optimization using Molecular Mechanics force field (MM3 method). The structures are further optimized using semi‐empirical Parameterization Method 6 (PM6 in water). Optimized structures are then examined by calculating the Infra‐Red (IR) vibrational spectra using PM6 method in order to ensure that they are real (no negative vibrations). Finally, structures are quantum mechanically optimized according to the Density Functional Theory (DFT) using B88‐LYP functional (DZVP basis set). This is followed by the calculation of IR vibrational spectra at the same level. At this stage, structures that are finally optimized become ready for QSAR and docking calculations.

2.2. Quantitative Structure Activity Relationships (QSAR) parameters {#jmv24736-sec-0005}
--------------------------------------------------------------------

SCIGRESS 3.0 software is used to calculate the QSAR parameters in order to compare the activity and stability of the investigated nucleotides (ATP, UTP, CTP, and GTP) to their activated modifications (MK‐0608, Sofosbuvir, R7128, and IDX‐184, respectively) in addition to the Ribavirin tri‐phosphate. QSAR parameters are calculated for the geometry‐optimized structures. The QSAR parameters include total energy (Kcal/mol), heat of formation (Kcal/mol), dielectric energy (Kcal/mol), steric energy (Kcal/mol), dipole moment (Debye), electron affinity (eV), ionization potential (eV), Log P, molar refractivity, polarizability (Å^3^), solvent accessible surface area (Å^2^), and the frontier energy gap (LUMO‐HOMO) (eV).

2.3. Modeling of HCoV polymerases {#jmv24736-sec-0006}
---------------------------------

Human Coronavirus (HCoV) polymerase sequences for the six human strains of coronaviruses (HKU1, MERS, SARS, OC43, NL63, and 229E) are downloaded from National Center for Biotechnology Information (NCBI) protein database (<https://www.ncbi.nlm.nih.gov/protein>).[28](#jmv24736-bib-0028){ref-type="ref"} Nineteen polymerase sequences (with unique 307 amino acids) having conserved active site amino acids (D255 and D256) are selected from the given strains as follows: four from HKU1, two from MERS, one from SARS, six from OC43, four from NL63, and two from 229E. Multiple sequence alignment is performed using CLUSTAL OMEGA web server (<https://www.ebi.ac.uk/Tools/msa/clustalo/>) of the European Bioinformatics Institute (EMBL‐EBI).[34](#jmv24736-bib-0034){ref-type="ref"}, [35](#jmv24736-bib-0035){ref-type="ref"} The alignment is presented with the help of ESPript 3.0 web server (<http://espript.ibcp.fr/ESPript/ESPript/>).[36](#jmv24736-bib-0036){ref-type="ref"} I‐TASSER web server (<http://zhanglab.ccmb.med.umich.edu/I-TASSER/>) is used to generate the 3D structures of all of the downloaded polymerase sequences.[37](#jmv24736-bib-0037){ref-type="ref"} Five models are generated for each sequence. Model validation is performed using version four of Structure Analysis and Verification Server (SAVES) (<https://services.mbi.ucla.edu/SAVES/>). Four programs are used for the validation of the present models; PROCHECK, Verify 3D, PROVE, and ERRAT along with the c‐score of I‐TASSER modeling web server.[38](#jmv24736-bib-0038){ref-type="ref"}, [39](#jmv24736-bib-0039){ref-type="ref"} The 1NB6 (chain B) PDB file model shows that the interaction of nucleotides or drugs with the active site of polymerases involves binding to two divalent metal ions (Mg^+2^ or Mn^+2^) of the two aspartates in the conserved active site. This model is adopted for the docking calculations in this work.[40](#jmv24736-bib-0040){ref-type="ref"} In order to be ready for the docking step, protein models are minimized using MM3 implemented on SCIGRESS 3.0.[30](#jmv24736-bib-0030){ref-type="ref"}, [32](#jmv24736-bib-0032){ref-type="ref"}, [33](#jmv24736-bib-0033){ref-type="ref"}

2.4. Molecular docking {#jmv24736-sec-0007}
----------------------

The optimized structures of both, the drugs and nucleotides are used in the docking calculations. Nineteen protein models are docked with ATP, GTP, CTP, UTP, Sofosbuvir, IDX‐184, MK‐0608, R7128, and Ribavirin. Docking calculations are performed using SCIGRESS 3.0 software assuming that the ligand is flexible and that the active site is rigid.[41](#jmv24736-bib-0041){ref-type="ref"} Docking experiments are performed three times and the average values for docking scores are recorded. Duncan multiple range tests are performed on the obtained data in order to point out significantly different means of docking scores using SPSS software version 17.

After the removal of water and ligands (except Mg^+2^), addition of missing H atoms and geometry optimization using MM3 force field, Hepatitis C Virus NS5b RdRp (PDB ID 2XI3) is docked using the same ligands for comparison.

3. RESULTS AND DISCUSSION {#jmv24736-sec-0008}
=========================

3.1. Sequence comparison and analysis {#jmv24736-sec-0009}
-------------------------------------

Figure [1](#jmv24736-fig-0001){ref-type="fig"} shows the alignment of 19 HCoV polymerase sequences from different HCoV strains and the solved structure of Hepatitis C Virus polymerase (PDB ID 2XI3). The secondary structure of HCV polymerase is presented in the top of sequences in order to highlight the conservation of the active site. Two consecutive aspartates protrude from the beta turn structure between ß9 and ß10. The conservation of amino acids in the ß10 structure with that of HCV is obvious. This is an important observation that the present work is based on. The conservation of the active site amino acids and the backbone that holds these amino acids suggests the same manner of interactions as in HCV and hence inhibition of HCoV polymerases is possible using nucleotide inhibitors.

![Sequence alignment for the 19 HCoV polymerases along with HCV NS5b RdRp (from the PDB file 2XI3). The alignment is performed using CLUSTAL omega web server and visualized using ESPript software 3.0. The conserved amino acids are highlighted in red. The active site environment amino acids (4Å around the two active site aspartates D255 and D256) are all conserved except for amino acid number 291 which is Glutamate (E) in all HCoV types other than NL63 and 229E where it is Threonine (T)](JMV-89-1040-g001){#jmv24736-fig-0001}

A 4Å region around the conserved active site aspartates (D255 and D256) is selected to perform the docking.[41](#jmv24736-bib-0041){ref-type="ref"}, [42](#jmv24736-bib-0042){ref-type="ref"} The active site of a randomly selected model contains the following amino acids; R50, W112, Y114, P115, C117, N190, I252, L253, S254, M289, S290, and E291 or T291. These amino acids are conserved except for amino acid number 291 that is Glutamate (E) in all Betacoronavirus and Threonine (T) in NL63, and 229E.

3.2. Quantitative Structure‐Activity Relationships (QSAR) {#jmv24736-sec-0010}
---------------------------------------------------------

Tables [1](#jmv24736-tbl-0001){ref-type="table"} and [2](#jmv24736-tbl-0002){ref-type="table"} show the calculated values of some Quantitative Structure‐Activity Relationship (QSAR) parameters. These values are calculated for the DFT (B88LYP functional) optimized structures of the nucleotides (ATP, UTP, CTP, and GTP), their analogues (MK‐0608, Sofosbuvir, R7128, and IDX‐184, respectively) and Ribavirin.

Table [1](#jmv24736-tbl-0001){ref-type="table"} shows some parameters that reflect the stability of the structures (dielectric energy, steric energy, heat of formation, and the frontier energy gap \[LUMO‐HOMO energy\]) while Table [2](#jmv24736-tbl-0002){ref-type="table"} shows other parameters that reflect the reactivity of the structures (dipole moment, electron affinity, molar refractivity, polarizability, Log P, and solvent accessible surface area).[29](#jmv24736-bib-0029){ref-type="ref"}

###### 

QSAR parameters representing the stability of the structures calculated for the nucleotides, their modification analogues and Ribavirin

  Nucleotides and drugs     Steric energy (kcal/mol)   Dielectric energy (kcal/mol)   Heat of formation (kcal/mol)   Energy gap (LUMO‐HOMO)
  ------------------------- -------------------------- ------------------------------ ------------------------------ ------------------------
  ATP                       27.8                       −3.283                         −697.35                        3.452
  UTP                       7.163                      −3.381                         −849.40                        3.744
  CTP                       −20.896                    −4.004                         −788.90                        3.729
  GTP                       −27.431                    −3.706                         −753.24                        3.122
  MK‐0608 triphosphate      [37.503]{.ul}              −3.283                         **−706.43**                    [3.705]{.ul}
  Sofosbuvir triphosphate   **[−0.464]{.ul}**          −3.381                         [−848.97]{.ul}                 3.785
  R7128 triphosphate        [−5.574]{.ul}              [−4.004]{.ul}                  [−788.10]{.ul}                 **[3.621]{.ul}**
  IDX‐184 triphosphate      [−17.548]{.ul}             [−3.706]{.ul}                  **[−756.93]{.ul}**             [3.201]{.ul}
  Ribavirin triphosphate    68.154                     −3.427                         −753.76                        3.773

HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.

The structures are optimized quantum mechanically using DFT (B88LYP functional). Each nucleotide analogue was compared to its parent nucleotide and the best drug values presented in **Bold**. In addition, each nucleotide analogue was compared to Ribavirin and the best drug values are [underlined]{.ul}.

© 2017 Wiley Periodicals, Inc.

This article is being made freely available through PubMed Central as part of the COVID-19 public health emergency response. It can be used for unrestricted research re-use and analysis in any form or by any means with acknowledgement of the original source, for the duration of the public health emergency.

###### 

QSAR parameters representing the reactivity of the structures calculated for the nucleotides, their modifications analogues and Ribavirin

  Nucleotides and drugs     Electron affinity (eV)   Dipole moment (Debye)   Log P              Solvent accessible surface area (Å^2^)   Polarizability (Å^3^)   Molar refractivity
  ------------------------- ------------------------ ----------------------- ------------------ ---------------------------------------- ----------------------- --------------------
  ATP                       2.035                    1.866                   0.337              393.59                                   30.373                  94.699
  UTP                       2.197                    7.795                   −0.061             384.163                                  27.802                  88.675
  CTP                       2.158                    7.380                   0.141              367.959                                  27.444                  88.785
  GTP                       1.939                    5.373                   −0.068             399.688                                  31.663                  95.838
  MK‐0608 triphosphate      **2.050**                [**9.109**]{.ul}        [**0.415**]{.ul}   [**397.394**]{.ul}                       [**31.402**]{.ul}       [**99.337**]{.ul}
  Sofosbuvir triphosphate   [**2.221**]{.ul}         [**8.057**]{.ul}        [**0.542**]{.ul}   [**388.528**]{.ul}                       [**27.82**]{.ul}        [86.983]{.ul}
  R7128 triphosphate        **[2.228]{.ul}**         **[8.949]{.ul}**        **[0.823]{.ul}**   **[395.047]{.ul}**                       **[28.048]{.ul}**       **[91.73]{.ul}**
  IDX‐184 triphosphate      1.901                    [**8.516**]{.ul}        **0.01**           **[418.933]{.ul}**                       **[32.636]{.ul}**       **[100.476]{.ul}**
  Ribavirin triphosphate    2.126                    2.953                   0.251              370.762                                  25.956                  85.228

Log P is the logarithm of the partition coefficient, which measure the distribution of the compound in lipid/water system.

The structures are optimized quantum mechanically using DFT (B88LYP functional). Each nucleotide analogue was compared to its parent nucleotide and the best drug values represented in **Bold**. In addition, each nucleotide analogue was compared to Ribavirin and the best drug values are [underlined]{.ul}.

© 2017 Wiley Periodicals, Inc.

This article is being made freely available through PubMed Central as part of the COVID-19 public health emergency response. It can be used for unrestricted research re-use and analysis in any form or by any means with acknowledgement of the original source, for the duration of the public health emergency.

Nucleotide analogues are probably all similar to the parent nucleotides in their stability. The parameters showing favorable values are in bold numbers (Table [1](#jmv24736-tbl-0001){ref-type="table"}). On the other hand, the nucleotide analogues are more stable compared to Ribavirin in the majority of the stability parameters presented in Table [1](#jmv24736-tbl-0001){ref-type="table"} (underlined values). This is apparent from steric energy, heat of formation and energy gap parameters that have lower (better) values for nucleotide analogues compared to Ribavirin.

Similar to Tables [1](#jmv24736-tbl-0001){ref-type="table"} and [2](#jmv24736-tbl-0002){ref-type="table"} presents a comparison of each nucleotide analogue to its parent nucleotide and each drug to Ribavirin, but this time in terms of parameters describing structural reactivity instead of structural stability. Table [2](#jmv24736-tbl-0002){ref-type="table"} reveals that the nucleotide analogues are more reactive than their parent nucleotides (bold values in Table [2](#jmv24736-tbl-0002){ref-type="table"}). This can be brought from the higher (better) values of dipole moment, solvent accessible surface area, and polarizability. Almost all nucleotide analogues values are better (more reactive) than Ribavirin (underlined values in Table [2](#jmv24736-tbl-0002){ref-type="table"}). This can be recognized from the higher (better) values of dipole moment, surface accessible surface area, polarizability, and molar refractivity. Moreover, Log P shows that the studied compounds are more hydrophobic compared to parent nucleotides and ribavirin. This may facilitate passage through membranes.

3.3. Molecular docking {#jmv24736-sec-0011}
----------------------

ATP, UTP, CTP, GTP, MK‐0608, Sofosbuvir, R7128, IDX‐184, and ribavirin all in its active form are docked into the active site of the 19 protein models for HCoV strains in addition to the solved structure of HCV NS5b RdRp (PDB ID 2XI3).

The average values of the docking scores are tested for significant differences using Duncan\'s multiple range test in SPSS 17.0 software package. For the 19 HCoV models, the docking score values show statistically insignificant differences between parent nucleotides and their analogue drugs. This implies a possible equal competition in binding to the HCoV active sites. Nevertheless, few models show significantly better docking for some nucleotides (eg, CTP has six significantly better docking score values compared to R7128, while ATP, UTP and GTP, each has three significantly better values compared to Mk‐0608, Sofosbuvir and IDX‐184, respectively. Most of these nucleotides are from the strain NL63).

The docking scores of most of the investigated drugs show no statistically significant superiority over Ribavirin for almost all of the HCoV models. Fortunately, IDX‐184 is an exception. IDX‐184 shows seven significantly better results compared to Ribavirin; for HKU1 (ABD91889.1, ABD91883.1, and P0C6 × 4.1), OC43 (AIL49623.1 and AIL49554.1), and NL63 (ABE97129.1 and AFD98777.1). On the other hand, MK‐0608 shows three significantly better docking scores compared to ribavirin; for HKU1 (ABD91889.1), OC43 (AIL49554.1), and NL63 (ABE97129.1). MK‐0608 shows three significantly better results compared to Ribavirin; for HKU1 (ABD91889.1), OC43 (AIL49554.1), and NL63 (ABE97129.1). R7128 shows only one significantly better value for NL63 (ABE97129.1) compared to Ribavirin.

Figure [2](#jmv24736-fig-0002){ref-type="fig"} shows the average docking score values for all HCoV strains and HCV polymerases docked by nucleotide inhibitors and Ribavirin with the error bars presenting the standard deviations. HCoV strains are presented in colored circles while a diamond presents HCV. SARS and MERS are presented in larger gray and orange circles respectively for clarification. MERS CoV, OC43 CoV, HKU1 CoV, 229E CoV, and NL63 CoV have the same rhythm of average docking scores ranking. They show priority for IDX‐184, followed by MK‐0608 and Ribavirin. On the other hand, SARS CoV shows priority for both MK‐0608 and Ribavirin followed by IDX‐184. The average docking scores for SARS CoV and MERS CoV are better than that of HCV, suggesting potent inhibitory performance of IDX‐184 and MK‐0608 against MERS CoV and SARS CoV as reported for HCV.

![Average docking score values calculated for the HCoV (colored circles) and experimental solved HCV (diamond) polymerases. MERS and SARS CoVs are represented by large circles for clarification. The error bars represent the standard deviations of means. Docking is performed using SCIGRESS 3.0 software](JMV-89-1040-g002){#jmv24736-fig-0002}

3.4. HCV versus MERS CoV {#jmv24736-sec-0012}
------------------------

From the two MERS CoV models, the model generated from the sequence ID AHY61336.1 is selected for further investigation after performing the docking study. The selection is based on the validation data calculated with SAVES server. The preferable, allowed and disallowed regions of the Ramachandran plot are 77.05%, 15.08,% and 7.87%, respectively, for the selected model versus 72.46%, 13.77%, and 13.77%, respectively, for the other model. Moreover, the overall quality factor is 89.726% for the selected model versus 85.324% for the other one.

Figure [3](#jmv24736-fig-0003){ref-type="fig"} shows the interactions that take place between the ligand GTP and both HCV (solved structure PDB ID 2XI3) and MERS CoV (docked structure with docking score of −118.98 ± 24.43 Kcal/mol) polymerases. The same interaction pattern occurred in both cases. In case of HCV, GTP interacts with Arg48, Lys141, Arg158, Asp220, Asp225, and Asp318. On the other hand, GTP forms polar contacts with Asp113, Leu253, Ser254, Asp255, Asp256, and Phe288 of MERS CoV polymerase. Both HCV and MERS CoV polymerases forms coordination bonds through Mg^+2^ with GTP and this facilitates the binding. These types of interactions suggest strong binding and hence potent inhibition performance of the nucleotide inhibitors, which are used as anti‐HCV drugs, against MERS CoV and other HCoV polymerases. Figure [3](#jmv24736-fig-0003){ref-type="fig"} is produced using PyMOL software (1.7.6) \[PyMOL Molecular Graphics System, 2016\].

![3D structures of solved HCV NS5b polymerase (PDB ID 2XI3) with GTP and the docked GTP to MERS CoV selected model. Polar interactions occur in both cases with the active site amino acids (Asp318 for HCV & Asp255 and Asp256 for MERS CoV) and the active site pocket amino acids. In addition, metal interactions mediate ligand binding to the polymerases. Structures are presented using PyMOL software where proteins are represented by colored cartoon and the drugs are represented by atom colored licorice (N, blue; O, red; C, green; H, white; and P, orange)](JMV-89-1040-g003){#jmv24736-fig-0003}

Figure [4](#jmv24736-fig-0004){ref-type="fig"} shows the 2D ligand interaction diagrams plotted using Maestro (Schrödinger Release 2016‐2: Maestro, Schrödinger, LLC, New York, NY, 2016) for the selected MERS CoV model. Ligands (IDX‐184, MK‐0608, Sofosbuvir, R7128, and Ribavirin) are docked to the polymerase active site pocket using SIGRESS 3.0 software. These drugs form H‐bonds with the active site pocket amino acids in addition to the metal interactions. The H‐bonds are formed with both backbone structures (solid arrows in Fig. [4](#jmv24736-fig-0004){ref-type="fig"}) and side chains (dotted arrows). IDX‐184 and R7128 did not form any H‐bonds with MERS CoV polymerase, yet both have metal interactions that stabilize the complexes having docking scores of −140.4 and −116.8 Kcal/mol, respectively. On the other hand, MK‐0608 and Sofosbuvir both form one H‐bond with MERS CoV polymerase active site. The amino acids involved in H‐bond formation are Lys116 (backbone) and Arg50 (side chain), respectively. Metal interactions are also present with docking scores of −126.4 and −97.8 Kcal/mol for MK‐0608 and Sofosbuvir, respectively. Ribavirin forms two H‐bonds with MERS CoV polymerase through Arg50 (side chain) and Lys116 (backbone). This is accompanied by metal interactions and the docking score is −139.0 Kcal/mol.

![2D ligand interaction diagrams plotted by Maestro software for the docked nucleotide inhibitors and Ribavirin into the active site pocket of MERS CoV polymerase. Major interactions are through the formation of H‐bonds (violet arrows) with the active site pocket amino acids in addition to metal interactions that stabilize the complexes. Water exposed groups (OH and NH~2~ groups surrounded by gray smudge) suggest water‐ligand interactions in the active site vicinity](JMV-89-1040-g004){#jmv24736-fig-0004}

On the other hand, HCV docking results show nearly similar results (Fig. S1). MK‐0608, Sofosbuvir and Ribavirin each form one H‐bond with HCV polymerase through Asp90 (side chain), Asp89 (backbone), and Asp89 (backbone), respectively. The docking scores are −81.1, −79.8, and −56.5 Kcal/mol, respectively. Similar to the case of MERS CoV, no H‐bond is formed with IDX‐184 and R7128 and the docking scores are −98.9 and −71.5 Kcal/mol, respectively. Metal interactions are reported for R7128 and Ribavirin only.

The formation of H‐bonds (in both cases of HCV and MERS CoV) provides stability to the protein/ligand complex and hence inhibiting viral polymerase function, since the polymerase active site will not be free to bind to the nucleotides for the polymerization process to be completed. The gray smudges in Figs. [4](#jmv24736-fig-0004){ref-type="fig"} and S1 indicate water exposed atoms or groups. Some OH and NH~2~ groups are water exposed and hence formation of water‐ligand interactions in the active site vicinity may occur and consequently adds to the stabilization of the protein/ligand complex. This may be proved by studying the dynamics of binding.[43](#jmv24736-bib-0043){ref-type="ref"}

The same manner of interactions occurs in other HCoV strains and the amino acids that are involved in the formation of H‐bonds with ligands are Lys40, Lys46, Arg48, Arg50, Thr51, Asp113, Tyr114, Lys116, Ser177, Asn186, Tyr223, Tyr227, Ser245, Asp255, and Gly257. These amino acids comprise the active site pocket of the polymerase. The repeated amino acids that form H‐bonds in different strains of the virus are Arg48, Arg50, Lys116, Tyr227, and Asp255.

Based on the above data from both QSAR and molecular docking one can conclude that anti‐HCV polymerase drugs could be effective potent inhibitors against HCoV polymerases including the most recent outbreak of MERS CoV. This inhibition takes place through the formation of H‐bonds between the nucleotide inhibitors and the protein conserved active site pocket amino acids, the metal interactions and other interactions that strengthen the binding of the drugs to the protein active site. It would be useful to further examine the binding through molecular dynamics simulations.

IDX‐184 has the advantage of low toxicity due to its low concentration in blood. This emerges from its nature as a prodrug which converts to the active form inside its target cell, as reported for Hepatitis C Virus (HCV).[44](#jmv24736-bib-0044){ref-type="ref"} Further optimization may be required to increase the potency of IDX‐184 and other drugs to fit the active site pockets of the polymerases more precisely. A modification in carbon 2′ of the ribose ring may result in more potent inhibitors probably able to stop the replication of HCoV, HCV, ZIKV, and other viruses.[45](#jmv24736-bib-0045){ref-type="ref"}, [46](#jmv24736-bib-0046){ref-type="ref"}

4. CONCLUSION {#jmv24736-sec-0013}
=============

QSAR and docking studies of the investigated nucleotides, their analogues and Ribavirin unfold that IDX‐184 and MK‐0608 are two promising keystones for the treatment of a wide variety of HCoV strains including the most recent MERS CoV. The results of docking to both HCV and HCoV suggest that both H‐bonds and metal interactions strongly contribute to the binding of nucleotide inhibitors to the polymerase active site and hence protein inhibition.

For MERS CoV models, IDX‐184 yields better docking scores compared to Ribavirin. It would be suggested to lunch an experimental study on the potency of IDX‐184 on MERS CoV. A number of possible modifications and optimizations to the lead compound (IDX‐184) may be useful for further increasing the potency of the drug against MERS CoV polymerase.
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